Vehicle-infrastructure communication opens up new ways to improve traffic flow efficiency at signalized intersections. In this study, we assume that equipped vehicles can obtain information about switching times of relevant traffic lights in advance, and additionally counting data from upstream detectors. By means of simulation, we investigate, how equipped vehicles can make use of this information to improve traffic flow. Criteria include cycle-averaged capacity, driving comfort, fuel consumption, travel time, and the number of stops. Depending on the overall traffic demand and the penetration rate of equipped vehicles, we generally find several percent of improvement.
Introduction
Individual vehicle-to-vehicle and vehicle-to-infrastructure communication, commonly referred to as V2X, are novel components of intelligent-traffic systems (ITS). Besides more traditional ITS applications such as variable speed limits on freeways or traffic-dependent signalization [HRBW81, Low82] , V2X promises new applications to make traffic flow more efficient or driving more comfortable and economic. While there are many investigations focussing on technical issues such as connectivity given a certain hop strategy, communication range, and percentage of equipped vehicles (penetration rate), e.g., [TTK08] , few papers have investigated actual strategies to improve traffic flow characteristics. On freeways, a jam-warning system based on communications to and from road-side units (RSUs) has been proposed [KP08] . Furthermore, a traffic-efficient adaptive-cruise control (ACC) has been proposed which relies on V2X communcation to determine the local traffic context influencing, in turn, the ACC parameterization [KTH10] . Regarding city traffic, early forms of V2X have been investigated in the European projects Prometheous/Drive [CM91] . However, these initiatives were more focussed on safety and routing information without explicitely treating any interactions with traffic lights. The investigation which is arguably most related to our work is the thesis [Ott11] on cooperative traffic control in cities discussing in depth the possibly destructive interplay between V2X (traffic-dependent signalization) and X2V (driver information relying on predetermined signalization).
In this contribution, we focus on city traffic at signalized intersections and investigate a set of strategies that is complementary to the self-controlled signal control strategy of Lämmer and Helbing [LH08] : While, in the latter, the traffic lights "know" the future traffic, we assume that equipped vehicles know the future states of the next traffic light. In principle, the resulting traffic-light assistant (TLA) can operate in the information-based manual mode, or in the ACC-based automatic mode on which we will focus in this work.
In the next section, we lay out the methodology of this simulation-based study and define the objectives. Section 3 presents and analyzes the actual strategies "economic approach", "anticipative start", and "flying start". In the concluding Section 4, we discuss the results and point at conditions for implementing the strategies in an actual TLA.
Methodology

Car-Following Model
In order to get valid results, the underlying car-following model must be (i) sufficiently realistic to represent ACC driving in the automatic mode of the TLA, (ii) simple enough for calibration, and (iii) intuitive enough to readily implement the new strategies by reparameterizing or augmenting the model. We apply the "Improved Intelligent-Driver Model" (IIDM) as described in Chapter 11 of the book [TK13] . As the original Intelligent-Driver Model (IDM) [THH00] , it is a time-continuous car-following model with a smooth acceleration characteristics. Assuming speeds v not exceeding the desired speed v 0 , its acceleration equation as a function of the (bumper-to-bumper) gap s, the own speed v and the speed v l of the leader reads
where the expressions for the desired dynamic gap s * (v, v l ) and the free-flow acceleration a free (v) are the same as that of the IDM,
The IIDM has the same parameter set as the IDM: desired speed v 0 , desired time gap T , minimum space gap s 0 , desired acceleration a, and desired deceleration b. However, it resolves two issues of the basic IDM when using it as an ACC acceleration controller: (i) 
Calibration
Since we will investigate platoons travelling from traffic light to traffic light, the acceleration model parameters v 0 , T , s 0 , a, and b and the vehicle length l veh (including their variances)
should be calibrated to data of starting and stopping situations.
For calibrating a, T , and the combination l eff = l veh + s 0 (effective vehicle length), we use the empirical results of Kücking [Küc08] taken at three intersections in the city of Hannover, Germany. There, the "blocking time" of the n th vehicle of a waiting queue (the time interval this vehicle remains stopped after the light has turned green) has been measured vs. the distance of this vehicle to the stopping line of the traffic light. For estimating the comfortable deceleration, the approach to a red traffic light is relevant.
Investigations on the Lankershim data set of the NGSIM data [Tra] including such situations
show that a typical deceleration is b = 2 m/s 2 [VHZ + 10]. Finally, for the desired speed,
we assumed a fixed value of v 0 = 50 km/h representing the usual inner-city speed limit in Germany.
Simulation
While the parameters clearly are distributed due to inter-vehicle and inter-driver variations, it is nevertheless necessary to use the same vehicle population for all the following simulation experiments. Specifically, we use following sequence of four vehicle-driver combinations: 1. Figure 2 shows the simulation result for the start-and-stop reference scenario against which the strategies of the traffic light assistent will be tested in the next section.
Traffic Flow Metrics
In the ideal case, the TLA reduces the travel time of the equipped and the other vehicles, increases driving comfort and traffic flow efficiency, and reduces fuel consumption. To assess travel time, we use the average speed of a vehicle, or average over all vehicles during the complete simulation run. As proxy for the driving comfort, we take the number of stops during one simulation, or, equivalently, the fraction of stopped vehicles. Traffic flow efficiency is equivalent to the cycle-averaged dynamic capacity, i.e., the average number of vehicles 
Strategies of the Traffic Light Assistant and their Simulation
The appropriate TLA strategy depends essentially on the arrival time at the next traffic light relative to its phases. We distinguish following approaching situations (cf. Fig. 3 ):
• A stop is unavoidable (the first seven of the red trajectories of Fig. 3 ),
• anticipative start compensating for the reaction time of the first vehicle (last red trajectory),
• flying start realized by anticipative braking (blue trajectories),
• free passage (green trajectories),
• temporary "boost" to catch the last part of the green phase (violet trajectories).
Nothing can be done in the situation of a free passage while the "boost" strategy implies temporarily exceeding the speed limit. Therefore, we will only develop and simulate strategies for the first three situations. Generalizing the above sketch, we will also investigate how other (equipped or non-equipped) vehicles will affect the strategies. Furthermore, by a complex simulation over several cycles, we investigate any (positive or negative) interactions between the strategies and between equipped and non-equipped vehicles.
Approach to a Stop
In certain situations, a stop behind a red light or a waiting queue is unavoidable. This situation is true if (i) extrapolated constand-speed arrival occurs during a red phase, and (ii) the "flying-start" strategy of Sect. 3.3 would produce minimum speeds below a certain threshold which we assumed to be v 
Anticipative Start
Position The rationale of the strategy of the anticipative start is to compensate for the reaction time delay τ . Since the reaction time is only relevant for the driver of the first vehicle in a queue, the anticipative-start strategy is restricted to this vehicle. In the reference case corresponding to the calibrated parameters ( Fig. 5 (a) ), the front of the first vehicle crosses the stopping line about 1.5 s after the change to green corresponding to τ ≈ 0.7 s (the rest of the time is needed to move the first meter to the stopping line). If this vehicle started one second earlier, i.e., before the switching to green (Fig. 5 (b) ), the situation is yet save but an average of 0.5 additional vehicles can pass during one green phase assuming an outflow of 1 800 veh/h after some vehicles. Considering the 12 vehicles that would pass in the reference scenario during the 30 s long green phase of the 60 s cycle, this amounts, on average, to an increase by 4 %. An additional second can be saved, allowing 13 instead of 12 vehicles per green phase, if the first vehicle stops 4 m upstream of the stopping line (instead of 1 m) allowing an even earlier start without compromising the safety (Fig. 5(d) ).
However, there are limits in terms of acceptance and available space, so stopping 2 m before the stopping line (Fig. 5(c) ) is more realistic. In effect, the latter strategy variants transform the anticipative start in a "flying start" which we will discuss now.
Flying Start
If, relative to the phases, a vehicle arrives later than in the previous two situations but too early to have a free passage, preemptive braking may avoid a stop or, at least, increase the minimum speed during the approaching phase. As depicted in Fig. 6 , the strategy consists in controlling the vehicles's ACC such that a certain spatiotemporal target point (∆x, ∆t) relative to the stopping line and the switching time to green is reached. This point is determined such that a minimum of speed reduction is realized without impairing traffic efficiency by detaching this vehicle from the platoon of leaders. From basic kinematic theory [LW55] and the properties of the IDM it follows that the propagation velocity c of the positions of the vehicles at the respective starting times is constant and given by c ≈ −l eff /T whereT is of the order of the IDM parameter T . Assuming a gap s * 0 of the first waiting vehicle to the stopping line and a reaction delay τ of its driver, the 8 estimated spatiotemporal starting point of the n th vehicle reads
The points lie on a straight line which is consistent with observations (filled circles in Fig. 1 ).
While we assume that, by additional V2X communication from a stationary detector to the vehicle, the equipped vehicle knows its order number n, there are uncertainties in τ , l eff , and T which depend on unknown properties of the vehicles and drivers ahead. Furthermore, since the strategy tries to avoid a stop, the target point lies several meters upstream of and/or a few seconds after the anticipated starting point. Is this strategy nevertheless robust? In order to assess this, we treat τ and l eff as free parameters of (6) to be estimated and plot the performance metrics minimum speed v min characterizing driving comfort and spatial gap s to the platoon (cf. Fig. 6 ) characterizing the dynamic capacity as a function of τ and l eff . there is still a positive effect since the minimum speed is increased without jeopardizing the efficiency; (ii) if the queue is massively overestimated (l eff and τ significantly too large), the whole strategy is deemed unfeasible and the approach reverts to that of non-equipped vehicles; (iii) if, however, the queue is only slightly overestimated, the strategy kicks in (v min increases) but the capacity is reduced since s increases as well: the car does no longer catch the platoon. A look at the parameter ranges (the plots range over factors of five in both τ and l eff ) indicates that this strategy is robust when erring on the optimistic side, if there is any doubt.
Finally, we mention that counting errors (e.g. due to a vehicle changing lanes when approaching a red traffic light meaning that this vehicle has not passed the correct stationary detector) will lead to similar errors for the estimated target point as above. Consequently, this strategy should be robust with respect to counting errors as well.
Complex Simulation
In the previous sctions, we have investigated the different strategies of the TLA in isolation.
However, there are interactions. For example, the optimal target point of the flying-start strategy is shifted backwards in time when equipped leading vehicles apply the anticipativestart strategy. Furthermore, the question remains if the TLA remains effective if there is significant surrounding traffic (up to the level of saturation) and whether the results are sensitive to the order in which slow and fast, equipped and non-equipped vehicles arrive.
We investigate this by complex simulations of all strategies over several cycles where we vary, in each simulation, the overall traffic demand (inflow) Q in , and the penetration rate p of equipped vehicles. Unlike the simulations of single strategies, we allow for full stochasticity in the vehicle composition. At inflow, we draw, for each new vehicle, the model parameters from the independent uniform distributions specified in Sect. 2.3 and assign, with a probability p, the property "is equipped". 
Discussion
We have investigated, by means of simulation, a concept of a traffic-light assistant (TLA)
containing three strategies to optimize the approach to and starting from traffic lights: "economic approach", "anticipative start", and "flying start". The strategies are based on V2X communication: In order to implement the TLA, equipped vehicles must obtain switching information of the relevant traffic lights and -as in the self-controlled signal strategy [LH08] -counting data from a detector at least 100 m upstream of the traffic light. Complex simulations including all interactions show that, for comparatively low traffic demand, the TLA is effective. To quantify this, we introduced relative performance indexes which we consider to be the most universal approach to assess penetration effects of individual-vehicle based ITS. For our specific setting (maximum speed 50 km/h, cycle time 60 s, green time 30 s), we obtained performance indexes of about 4 % for most metrics if traffic demand is low. We obtain higher values for higher maximum speeds and lower cycle times, and lower values for a higher demand. While the relative performance is generally lower than that of the traffic-adaptive ACC on freeways (about 25 %) [KTH10] , the individual advantage kicks in with the first equipped vehicle, in contrast to traffic-adaptive ACC.
